Hazards resulting from asteroid ocean impacts were modeled using hydrocode simulations to examine the near-field effects including the initial formation and subsequent long range propagation of tsunami waves that can transport potentially damaging energy far from the impact site.
Three-dimensional simulations of oblique impacts into deep water, with trajectory angles ranging from 27 degrees to 60 degrees above the horizontal, were performed with the Los Alamos Rage hydrocode. The simulations include atmospheric effects such as ablation and airbursts. These oblique impact simulations are performed in order to help determine whether there are additional dangers due to the obliquity of impact not covered by previous studies. The energy transferred to both the air blast wave and the water are calculated as well as the amount of sea water lofted into the upper atmosphere. Water crater sizes and subsequent surface elevation profiles, surface pressures, and depth-averaged mass fluxes within the water are prepared for use in far-field propagation studies. Like previous three-dimensional simulations, these simulations show that except at exceedingly shallow entry angles below those simulated here the resulting waves are roughly circular and that the initial waves and central jet oscillation are highly turbulent and dissipate a lot of the energy.
Two-dimensional axisymmetric simulations of long range propagation of impact tsunami were performed using the Lawrence Livermore ALE3D hydrocode on the NASA Pleiades supercomputer. These simulations showed that impacts under 1 gigaton TNT equivalent into the deep ocean basins will create deep-water waves that undergo dispersion, whereas impacts onto continental shelves will create shallow-water waves that do not suffer dispersion. The simulations also showed that on the order of 1% of the kinetic energy of the impact is converted into the tsunami wave. This is an order of magnitude less than previous semi-empirical estimates of ~15% based on explosion test data and laboratory scale impacts.
Introduction
The 2013 asteroid entry into Earth's atmosphere and explosion over the city of Chelyabinsk in Russia (Popova, et al., 2013) has caused a renewed interest in the threat posed by asteroids, including the establishment of the NASA Planetary Defense Coordination Office to lead the interagency efforts in the USA to plan responses to potential impact threats (Johnson, 2017) . As part of that effort NASA organized a workshop in 2015 on asteroid threat assessment which concluded there was no consensus yet on the threat posed by tsunami resulting from asteroid impacts (Morrison & Venkatapathy, 2017) . Since 70% of the Earth is ocean, and the majority of the population lives near coasts, planetary defense planning requires a good understanding of the hazard posed by asteroid impacts into the ocean.
The main question of interest to planetary defense planning is how large an impact must be to produce hazardous tsunami? If moderate size asteroids (<500m diameter) pose a significant tsunami hazard, an impact in the deep ocean could conceivably create devastating inundation all the way around the edge of an ocean basin, and these asteroids would ideally need mitigating in space. Conversely, it would be a moot point if it takes a Chicxulub impactor size asteroid (~10 km diameter) to create a basin-wide tsunami, since the expected tsunami casualties may pale in comparison to those from continent-scale firestorms and the following decade long global impact winter (Bardeen, et al., 2017) , and no-one would consider letting an asteroid this size hit the Earth if mitigation in space is a feasible option.
If impacts can create tsunami waves that can propagate efficiently over long distances, as is the case with earthquake induced tsunami waves, they could pose a significant risk (Hills & Goda, 1993) (Hills & Goda, 1999) . Conversely if they produce shorter wavelength waves that suffer from dispersion as they propagate they will decay in amplitude much more rapidly with distance (Crawford & Mader, 1998) (Wünnemann, et al., 2007) (Gisler, et al., 2011) . Shoaling as waves reach the continental shelf may cause breaking far off-shore (the Van Dorn effect) further reducing the hazard (Korycansky & Lynett, 2005) . Even if impact tsunami suffer from dispersion in the deep ocean basins, if sufficient kinetic energy from the asteroid is converted into the tsunami wave they may still pose a significant danger (Ward & Asphaug, 2000) (Chesley & Ward, 2006) . Two important questions are then: How much of the asteroid's kinetic energy is converted into tsunami waves? And, is the wavelength of the tsunami waves short enough that they will suffer significant dispersion in the deep ocean? If the hazard is only significant from impacts on the continental shelf, shoreline communities will be much safer since the continental shelves are a much smaller percentage of the Earth's surface than the deep ocean basins.
Asteroid generated tsunami were addressed in a NASA/NOAA workshop in 2016 (Morrison & Venkatapathy, 2017) . The three topics addressed at the workshop were 1) the near-field wave generation by the impact, 2) the long-range propagation, and 3) the coastal inundation and hazard. These were applied to a theoretical scenario in M A N U S C R I P T
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the Pacific off the coast of Washington State in the USA where the average ocean depth is about 3km. The International Academy of Astronautics Planetary Defense Conference in 2017 provided an opportunity to examine impacts in the deep water of the Japan Trench in the Pacific Ocean at about 9km deep and also in the shallow Japan Sea between Japan and Korea with an average depth of 400m.
Many of the above phenomena have been previously modelled and simulated and some will be discussed below. However, the motivation for this work was to run some new simulations to address some of the differences highlighted in the workshop. Of particular interest was modelling oblique (non-vertical) impacts in 3-D at significantly higher resolution than had previously been possible to examine asymmetries in the near-field effects, including from airbursts over water. Also of particular interest was longer range propagation of the impact tsunami to cover not just the initial cratering and tsunami wave formation, but to continue out until smooth and slowly decaying propagating waves were formed.
Three-dimensional simulations were conducted similar to two dimensional simulations previously calculated in Gisler 2011 (Gisler, et al., 2011) . In addition to determining the near-field effects, the 3-D simulations will confirm that the resulting waves are roughly symmetric, at least down to entry angles as shallow as 27° above the horizontal. Consequently, for the long-range propagation of the impact tsunami waves, it is reasonable to model the impact and waves axisymmetrically. This is required because two-dimensional simulations are a lot cheaper computationally and modeling the long-range propagation in 3D is not currently practical.
The axisymmetric simulations presented here include entry and impact of iron asteroids to minimize energy lost in the atmosphere and maximize energy transferred to the water. These simulations are used to calculate the fraction of asteroid impact energy transferred into a tsunami wave and also the decay of the surface wave amplitudes with distance.
In this paper the word tsunami is used in the most general sense of a large, isolated, ocean wave. In much of the literature on earthquake generated waves, tsunami is reserved for very long wavelength waves that propagate as shallow water waves even in the deep ocean basins. Our definition here is not as restrictive and we aim to use "earthquake tsunami" and "impact tsunami" when we want to draw specific attention to the source of the waves.
Previous Work
In previous work (Gisler, et al., 2011) we showed that the danger of tsunamis at a location far from the impact site of a small asteroid is minimal and that just as in impacts of small asteroids on land, it is the near-field atmospheric effects that are most concerning. That work and the present work use the SAGE/RAGE hydrocode, a M A N U S C R I P T
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multi-material finite-volume Eulerian code with a high-resolution Godunov scheme originally developed by Michael Gittings (Gittings, et al., 2008) and subsequently adapted at Los Alamos National Laboratory. The grid is continuously refined, cellby-cell and cycle-by-cycle, throughout the problem run, focusing computational resources on the places in the grid where the action is most dynamic. The code makes use of tabular equations of state from the LANL Sesame library (Holian, 1984) (Lyon & Johnson, 1992 ) and a high-quality equation of state for water provided by SAIC and derived from the NBS/NRC Steam Tables (Haar, et al., 1984) .
In (Gisler, et al., 2011) we reported a series of axisymmetric calculations of asteroid impacts into 5 km deep water, with the asteroid diameter varying from 100 meters to 1000 meters. The assumption of axisymmetry restricted consideration to vertical impacts. The Wave heights at 30 kilometers were shown to be hazardous even for the smallest of these impactors (37m tall wave for Ø100 m impactor).
For asteroids 600 m in diameter or larger the resultant tsunami was over 20 km in wavelength which might be long enough that it will not suffer very significant dispersion traversing the deep ocean.
A second set of calculations also presented in (Gisler, et al., 2011) , found that the near-field effects are more dangerous in the case of impacts into shallower water (e.g. on the continental shelves), being compounded by the excavation of sea-floor sediment that is subsequently hurled onto coastal structures with hurricane force.
3-D Impact Simulations
The calculations presented in this study are performed for oblique impacts. We had argued previously (Gisler, et al., 2011) (Gisler, 2007) that two-dimensional axisymmetric calculations were sufficient for studying wave development because the explosive vaporization of the water and asteroid rapidly symmetrizes the transient crater produced by an oblique impact, resulting in a wave with cylindrical symmetry (Gisler, et al., 2003) . Focusing on near-field effects for smaller impacts, however, requires us to consider the complications of oblique impacts. An asteroid on an oblique trajectory passes through, and preheats, much more of the atmosphere, spreading effects over a wider area, while at the same time suffering greater ablation from the passage. Oblique impacts are also more likely to produce airbursts whose explosive effects can damage property, as occurred in the Chelyabinsk event (Popova, et al., 2013) . Moreover, asymmetries may have consequences for civil defense measures in coastal communities near the impact site.
Relaxing the assumption of axisymmetry results in considerably more complex simulations, requiring much more computing power. For angles low to the horizon, the computational domain must be lengthened considerably to encompass the M A N U S C R I P T
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trajectory. Some of the new runs have exceeded 4 billion computational cells and have taken months of wall-clock time to conclude. Further, the computational data produced by fully three-dimensional runs is enormously greater than in two dimensional axisymmetric runs and is therefore much more difficult to store, curate, post-process, and analyze. More powerful and more efficient tools and methods for extracting knowledge from the data are being developed ) (Samsel, et al., n.d.) .
Input variables for the oblique-impact runs are presented in Table 1 with the airburst runs shaded. The nomenclature for these runs is as follows: the initial letter (y or x) refers to the initial asteroid speed (x at 16.7 km/s, y at 20 km/s). The second letter (A,B,C, or D) allows for a forced airburst produced by converting 10% of the asteroid kinetic energy into thermal energy as the asteroid passes through a specific altitude (D at 15 km, C at 10 km, B at 5 km, and A with no forced airburst). The number in third position indicates the asteroid diameter (5 is 500 m, 3 is 250 m, 1 is 100 m), and the number in fourth position refers to the angle of the trajectory (2 at 60 degrees, 1 at 45 degrees, 0 at 27 degrees). The lowest obliquity was chosen to approximately represent the trajectory of the fictitious asteroid 2017PDC (designed for the 2017 IAA Planetary Defense Conference) on an ocean impact east of Japan. The smaller of the two 27-degree trajectories was also set into a water depth of 11 km, as the deepest part of the Japan trench, while all other runs are done with a standard water depth of 5 km corresponding to the abyssal plain in the Pacific Ocean. 
We briefly describe the phenomenology of these runs, broadly similar for all of them, and illustrated in Figure 1 and Figure 2 in the case of yA31 (20 km/s, no forced airburst, Ø250m, 45°). The spherical, homogeneous, and strengthless asteroid is initialized with the specified velocity at an altitude of 20 km in a static atmosphere in hydrostatic equilibrium. The atmospheric pressure temperaturedensity profile is based on the US Standard Atmosphere (National Aeronautics and Space Administration, 1976) . The asteroid's passage through the atmosphere creates an evacuated channel in its wake. Some ablation of the asteroid's mass deposits a trail of asteroid material within the wake. In the event of a forced airburst, simulated by converting 10% of the kinetic energy to thermal energy, most of the asteroid's mass is scattered nearly isotropically.
On impact with the water, the asteroid (or what remains of it) is essentially instantaneously vaporized. Much of it is expelled up the evacuated wake, and the rest scattered fairly isotropically with respect to the asteroid's momentum. Because the energy per unit mass of the impacting body is much greater than the latent heat of vaporization of water, a very large quantity of water, significantly larger than the mass of the impactor, is also vaporized extremely rapidly. The energy of this explosion creates a transient cavity in the water, whose depth and width depend on the characteristics of the impact. Like the asteroid vapor, much of the vaporized water is lofted up into the stratosphere.
Water that is not vaporized is expelled from the cavity by the force of the explosion, leading to the formation of a corona splash curtain around the transient crater. This curtain is asymmetric, being minimal on the uprange side of the crater, and highest on the downrange side. The splash curtain extends several kilometers up into the atmosphere, but remains liquid. It subsequently falls to the surface at speeds near terminal velocity, causing secondary splashes. If near a populated coast, these would cause significant flooding and damage to any infrastructure.
The transient cavity, which for these ≤Ø500 m asteroid runs never reaches the seafloor, is refilled by water rushing in from the sides. Meeting in the middle of the cavity, the water then jets upward a few kilometers. The collapse of this central jet leads to a highly turbulent and dissipative rim wave that propagates. Subsequent damped rebounds produce a relatively short train of waves, nearly circularly symmetric. For more oblique impacts, the downrange portion of the wave train has noticeably higher amplitude than the uprange portion, and typical surface elevation contours appear slightly elliptical. A significant ocean floor slope could potentially also lead to more directed waves. A selection of output quantities from the runs of Table 1 is presented in Table 2 . Again shaded are the forced airburst cases. The first couple of columns give the percentages of the initial asteroid kinetic energy delivered to the water and the atmosphere respectively. The rest of the energy goes into heat. It is important to note that even though 10 to 30% of the energy was transferred to the water in the impact cases that most of that energy will not be transferred into an efficiently propagating surface wave (tsunami).
Essentially no transient water craters were produced by any of the 100 meter diameter asteroid runs (yD12, yA11, yB11, yC11) whether or not forced airbursts were included, because very little of the initially strengthless asteroid material survived the passage through the atmosphere, even at the 60-degree entry angle of yD12.
The 300-meter diameter runs with airbursts (yB31, yC31) were considerably less effective than the corresponding non-forced airburst run (yA31) at delivering M A N U S C R I P T
kinetic energy to the water, excavating a crater, and generating a wave. Comparing non-forced airburst runs of the same diameter asteroid but different angles of entry (yA52 and xA50; yA32, yA31, and xA30), we see that the trajectories with steeper entry angles deliver less kinetic energy to the atmosphere, more kinetic energy to the water, and excavate deeper transient craters, as expected. Also not surprising is that the forced airburst runs deliver orders of magnitude more energy to the atmosphere than to the water. Figure 3 shows a direct comparison of the three 45-degree 300-meter diameter runs illustrating the stronger energy transfer into the water with decreasing forced airburst height. Computational demands preclude the long-time calculations necessary for the waves to reach 30 kilometers in the 3-dimensional runs. However, compared to the axisymmetric runs at similar asteroid diameters, similar transient water craters were seen, and also very similar initial rim wave heights at 10 km distance. Hence, the 3-D simulations presented here can be expected to have very similar wave heights as they propagate away from the transient crater.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Figure 3. Slice plots in the trajectory plane illustrating pressure (blue-green) and asteroid volume fraction (yellow-red) shortly after the time of impact for the three runs yA31, yB31, and yC31 (20 km/s, varying forced airburst altitude, Ø250m, 45°). Cratering is most efficient in the non
The kinetic energy deposition efficiencies given in Table 2 are obtained by querying the hydrocode output at frequent intervals for mass and energy statistics for each material component of the problem. A graphical illustration of these tallies for the two runs yA31 and yB31 (20 km/s, forced airburst altitudes 0 and 5km, Ø250m, 45°), including also the change in internal energy of each material component, is given in Figure 4 . The deposition of water vapor into the stratosphere, recorded in the final column of Table 2 , and illustrated in Figure 5 for yA31 (20 km/s, no forced airburst, Ø250m, 45°), was computed by recording the quantity of water vapor that ascended above the 7 km level as a function of time. In all cases, water vapor was continuing to ascend above this level as the calculations were terminated. We regard the reported amounts as lower limits. The stratosphere is normally very dry, so the sudden local injection of half a billion metric tons of water may have some significant regional effects, leading to cooling or warming depending on whether condensation into cirrus subsequently occurs.
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Figure 5. Volume rendering of water mass fraction 75 seconds after the impact of a 250-meter diameter asteroid into a 5-km depth ocean, from run yA31 (20 km/s, no forced airburst, Ø250m, 45°). This run results in a quarter of a billion metric tons of water vapor into the stratosphere, possibly producing regional climate effects.
Near-field tropospheric effects from oceanic impacts can be more severe and exhibit interesting uprange/downrange differences. In run yA31, surface temperatures 5 km downrange from the impact point briefly exceeded 1200ºC as the initial shock passed. At 30 seconds after impact, the shock passes 20 km with a local downrange surface temperature of 80ºC and an uprange surface temperature of 58ºC. After a full minute, temperatures exceeding 55ºC still extend 7 km downrange and 3 km uprange, accompanied by horizontal wind speeds of 30 m/s, hurricane force, inwards toward the impact point, and even greater speeds upward. The distribution of total wind speeds at 1 km altitude in this run is illustrated in Figure 6 . Local pressures both uprange and downrange at 5 km distance from the impact point briefly exceed 10 atmospheres (1 MPa) as the shock from the impact explosion passes. By the time the shock has passed the 10 km distance, the uprange region sees additional pressure from the wake shock. The combination of the two shocks uprange give a total surface pressure of 4.4 atmospheres (0.44 MPa) at 10 km, while the downrange shock at the same distance gives a slightly smaller surface pressure of 4.05 atmospheres (0.405 MPa).
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2-D Axisymmetric Simulations of Long Range Tsunami Propagation
The 3-D impact simulations show that the resulting waves are roughly symmetric. It is possible that a significant amount of asymmetry may happen at exceedingly shallow entry angles, but these will be restricted to a small fraction of all possible impacts. Therefore it is reasonable to model the impact and waves as axisymmetric in phenomenological studies. Two-dimensional simulations are a lot cheaper computationally than 3-D ones and consequently allow the calculation of long-range propagation of the impact tsunami waves. This allows observation of the full set-up of the resulting tsunami wave train from the cavity/jet oscillation, not just the first rim wave, and also the subsequent dispersion, in a high fidelity simulation. This is important because although the 3-D impact simulations showed 10 to 30% of the impact energy being imparted to the water, most of this energy is not transferred to the resulting surface wave (tsunami), but is lost in the pressure wave and the highly turbulent early evolution of the water cavity and rebound jet. The 3-D simulations, which all used strengthless rocky asteroids, often lost significant energy to the atmosphere, especially in the forced airburst cases. The largest tsunami waves were seen to come from the impact cases creating large transient craters. To maximize energy transferred to the water, and obtain the worst case tsunami for the long range propagation cases, the impactors were modeled as iron asteroids. Having significant strength, negligible energy is lost during entry, and the iron asteroids hit the water intact.
The simulations presented here use the ALE3D hydrocode from Lawrence Livermore National Laboratory (Nichols & Dawson, n.d.) , which has similar capabilities to the Los Alamos RAGE hydrocode used for the 3-D simulations. All the simulations presented here were run in Eulerian mode on an axisymmetric, twodimensional domain. Each material in a mixed cell maintains its own state variables and is advected separately with the use of an interface reconstruction scheme. Livermore Equations of State (LEOS), similar to the LANL Sesame library, are used for the material models.
The meshes used in the simulation generally have 1m resolution on the water surface and increase with distance from sea level so that the resolution is approximately 1/10 th of the altitude or depth out to a maximum cell size of about 100m. I.e. at 100 m altitude or depth the cell size is about 10 m, and at 1km and farther the cell size is 100 m. This should be sufficient to capture most waves large enough to be of interest with a resolution of 1/10 th the wave height. Figure 7 shows the results of a 100 Mt impact into a 2800 m deep ocean such as seen in the Pacific basin off much of the west coast of North America. This was modelled as an Ø85m iron asteroid at 18 km/s. Just as in the 3D simulations shock waves are seen propagating through the water and an initial crater is formed. The impact creates a large crater in water because most of the energy of the impact goes into vaporizing the meteor and the sea water. This crater is filled in by in-rushing M A N U S C R I P T
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water which then meets in the middle and causes a central jet to push upwards just as can be seen when dropping pebbles into a pond. The jet, in turn, collapses creating another cavity. Oscillation between the cavity and central jet pumps out a series of waves until the oscillation dies down.
Notably in the simulation at around 10 -30 seconds the coronal splash curtain does not spread out as much as seen in simulations of impacts onto airless bodies such as asteroids and many moons in the solar system, but instead largely collapses back down within a kilometer or so of the transient crater lip, and does not contribute significantly to the tsunami waves. The initial increase in surface height just beyond the crater lip mostly collapses back into the transient cavity instead of propagating outward as modelled in some semi-analytical simulations (e.g. (Ward & Asphaug, 2000) ). From 30 -90 seconds the collapse of the first central jet pushes out the first tsunami wave, preceded by a trough as a remnant from the initial transient crater. It is important to note that this first positive phase tsunami wave is a breaking wave, albeit a couple of hundred meter tall one! This means that it dissipates a lot of energy turbulently before finally setting up a smooth propagating surface wave. As mentioned, this tsunami wave is followed by a set of decreasing amplitude tsunami waves from the oscillation between the cavity and the central jet.
Although the cavity/jet oscillation only pumps out a few tsunami waves of significant height, as seen at 200 seconds, as they propagate away from the impact zone, they are seen to separate into more waves and spread out over a larger distance with the longest wavelength waves arriving first and the wavelength of the tsunami waves decreases closer to the impact zone as seen at 600 seconds. This phenomenon is called dispersion. Figure 8 shows the dispersion relation for surface waves on water, from linear wave theory (Airy, 1845) , describing the velocity of travel as a function of wavelength. Waves of length less than ~10 times the depth travel at a speed that depends on the wavelength. Fourier transform of an isolated wave shows it is composed of a distribution of wavelengths, (e.g. cos ), so the dispersion relation means that wave components spread apart as it travels, resulting in many smaller waves, reducing the hazard posed. In the limit of wavelengths less than a couple of times the depth they are called "deep water waves" and the amplitude decays as 1/r (Wünnemann, et al., 2007) . At the opposite extreme of wavelengths longer than ~20 times the depth the waves travel at a constant speed so the waves no longer disperse and the wave retains its initial shape and are called "shallow water waves". Since shallow water waves do not disperse they only decay as 1/√ , which means they can propagate hazardous tsunamis much more efficiently. Earthquake induced tsunamis are typically of ~100 km wavelength which propagate across oceans efficiently, and this allows them to cause significant damage thousands of kilometers from the source. For asteroids large enough to create significant waves (asteroid diameter >100m) but small enough not to be of significant concern in terms of causing global climatic effects (diameter <500m) the transient crater in the water will only be a few kilometers across at most. This means that the waves created by oscillation of the cavity will also only be a few kilometers in length, so they will be on the same order of magnitude as the depth of the ocean basins. The impact-induced tsunami waves will not become "shallow-water waves" until they reach the continental shelf where depths are typically a few hundred meters. However, before becoming shallow M A N U S C R I P T
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water waves they will undergo shoaling as they climb the continental slope. As the ocean depth gets shallower the waves slow down, and conserving energy, they grow in amplitude. As the waves steepen, this can lead to breaking and losing energy and amplitude (Korycansky & Lynett, 2005) .
For the simulation in Figure 7 the phase speed was measured by tracking the tallest peak of the wave train and the group velocity was calculated by finding the radius which enclosed 50% of the total wave train energy at each timestep. The phase velocity was measured as 91 m/s and the group velocity as 46 m/s. For 2800 m depth shallow-water waves with wavelength>>depth would travel at 166 m/s for both the group and phase speed. For deep-water waves with wavelength ≲ 5 x depth the phase velocity (ω/k) = and the group velocity (∂ω/∂k) = , is exactly half of the phase velocity. This is exactly what is seen in the simulation and corresponds to a wavelength of the largest tsunami wave of 5000 m, as can also be seen directly in the simulation. These waves are therefore deep-water, not shallowwater, waves.
The energy in a water surface wave is mostly in the form of potential energy, mgh, where m is the mass, g the acceleration due to gravity, and h the height. The majority of the potential energy will be simply the constant energy of the quiescent ocean which can be subtracted by assuming z=0 at sea level, so for an ocean surface wave the total energy will be ∭ !" " # $ % = !" 2 assuming a radially expanding wave.
The calculated energy in the wave train for 100 Mt and 250 Mt impacts is shown in Figure 10 . As shown approximately 1 -2% of the energy of both of the impacts is converted into the eventual tsunami wave. As shown in the 3D simulations typically less than 30% is transferred into the water, and most of this is transferred to the shock and pressure waves or lost in turbulent dissipation. For the 100 Mt impact this implies a tsunami energy of 1 Mt. (Ward & Asphaug, 2000) , but in line with estimates from other hydrocode simulations.
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Figure 10: Potential energy in tsunami waves settles down to about 1 -2% of the initial kinetic energy of the asteroid, increasing with increasing impact energy. Oscillations occur due to transfer of potential and kinetic energy in the cavity/jet oscillation. Once this settles down the remaining energy is the propagating tsunami wave train. An energy transfer into the tsunami waves of 1% is significantly less than some prior semi-analytical estimates of 15%
The next question of importance is how much damage can a 1 Mt tsunami create? It is however important to note that as discussed, the impact tsunami waves are deep water waves, not shallow water ones, and comparison to earthquake tsunamis will be very misleading. For example, 1 Mt is equivalent to the Tohoku (Japan) tsunami of 2011 which resulted from the magnitude 9 earthquake 70 km off the coast. This was the 4 th most powerful earthquake recorded in recorded history (since 1900) releasing about 200 -500 Mt of seismic energy (Tang, et al., 2012) and caused an estimated ¥20 Trillion (US$200 Billion) worth of damage and almost 20 000 fatalities (Kazama & Noda, 2012) . The wavelength of the Tohoku tsunami was 360 km in deep water (Tang, et al., 2012) which is one reason for the great amount of damage that it caused. However, the impact tsunami waves will not be expected to be as damaging. Being much much shorter they will not run inland as far before the crest gives way to the wave trough; the water then drains back out to sea before the next crest arrives. Indeed, in the simulations conducted for the NASA/NOAA workshop in 2016 researchers found very little flooding the Washington coast with a 100 Mt impact a couple of hundred kilometers away just off the continental slope (Morrison & Venkatapathy, 2017) , even though the coastline was modelled as only 4 m elevation above sea level, and is considered at particular risk from Pacific Ocean M A N U S C R I P T
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tsunamis and a future Cascadia Fault earthquake in particular (Cherniawsky, et al., 2007) .
The 100 Mt impact was not shown to be of particular danger if it struck an ocean basin off the continental shelf since it did not create waves on shore any worse than a bad storm surge that most coastal communities are already equipped to withstand. Consequently, for the Planetary Defense Conference in 2017 it was decided to look at larger impacts of 1 Gigaton TNT equivalent. For an impact speed of 17 km/s this corresponds to 200 m diameter iron asteroid or a 300 m diameter stony asteroid. As before the iron asteroid was simulated to minimize disruption during atmospheric entry and so maximize energy transferred to the water. Figure 11 shows the results of the simulation of a 1 Gt impact into the Japan Trench just under 200 km off the coast of Tokyo and Chiba Prefecture. This location is especially deep at almost 9 km depth because it is the location where the Pacific tectonic plate subducts under the Okhotsk continental plate.
Figure 11. Simulation of 1 Gigaton TNT equivalent asteroid impact into the deep waters of the Japan Trench. The transient cavity is approximately 3 km in diameter and depth. The cavity/jet oscillation pumps out two large tsunami waves and a few smaller ones as seen after 5 minutes. The tsunami waves are about 5 km in length so are deep water waves in the deep waters of the Japan Trench. Consequently, they suffer dispersion and separate out by wavelength into a wave train of numerous peaks as seen in the frames at 10 and 14 minutes.
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As before the impact creates a tsunami wave train from oscillation of the cavity and central jet. The initial cavity is approximately 3 km in diameter which, being less than the local depth of the ocean means the tsunami waves are deep water waves so suffer dispersion as they propagate as shown in Figure 12 where the amplitude of the waves decays as approximately 1/r. In particular it compares the decay with distance to the analytical solution developed by Van Dorn (Van Dorn, et al., 1968) and Le Mahaute (Le Mehaute & Wang, 1996) For an initial cavity 1.5 km radius and depth this gives A(m) = 873 / r(km). As seen, at least while in deep water the tsunami wave train decays in amplitude very close to this estimate with an initial faster decay while the waves are breaking close to the impact location.
Figure 12. Deep water impact tsunami suffers dispersion and decays as 1/r in agreement with linearized theory. In the left hand graph, the deep water envelope
(red) from (Le Mehaute & Wang, 1996) To contrast with the deep water impact a 1 Gt impact (17 km/s, 200 m diameter iron asteroid) was also simulated into the comparatively shallow water of the Japan M A N U S C R I P T
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Sea which is the back-arc basin between Japan and Korea. Although many parts of the Japan Sea reach 1 km in depth we simulated an impact in the southern region off the coast of Fukui where the average depth is only 400 m. The flat region of the sea floor was modelled as limestone overlaying granite which also forms the magmatic arc sticking up through limestone forming the island of Japan with the shoreline a little over 100 km away. The granite follows the actual bathymetry to a depth of 400m after which it is assumed to follow a linear slope to -1500m at the impact location. Figure 13 shows the results of the Japan Sea impact simulation. The impact punches through both the water and the limestone into the granite basement again creating a crater approximately 3 km in diameter. As in the deep water impact the pulverized limestone and granite behave in a fluid-like manner forming a central jet and some energy will have been lost fracturing the rock. However, this time the granular flow behavior of the pulverized rock rapidly damps the central jet/cavity oscillation so unlike in the deep water case it does not pump out a series of potentially hazardous waves. Instead it is the initial outward push given to the water by the collapsing cavity rim that creates a single tsunami wave of much greater height than subsequent waves. Once approximately 50 km from the impact the tsunami wave has settled down into a surface wave with a wavelength of approximately 20 km. This is ≈50 longer than the 0.4 km depth of the water so it does not suffer dispersion so retains its shape and only decays in amplitude as 1/√ . When the tsunami wave reaches the coastline it has a peak 5 m high and 10 km long and would be expected to cause a significant amount of damage. 
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Figure 13. Simulation of 1Gt asteroid impact into the Japan Sea creates a tsunami that does not suffer dispersion. The impact creates a large crater in the shallow sea floor (t=7s) and a thick ejecta curtain (20s) that collapses, pushing on the water to create a tsunami wave (35s). This initial tsunami wave is highly turbulent both breaking and also being sucked back into the cavity region (50s
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Semi-Analytical Calculations
Semi-analytical calculations of impact tsunami widely disagree on the tsunami hazard from asteroid impacts into oceans, based on the assumptions and analogies used in the models (Chesley & Ward, 2006 ) (Weiss, et al., 2015) . However, all of the hydrocode simulations conducted by various researchers to date including those presented here, agree that for asteroids smaller than those of global climatic threat, impact tsunami are not a significant hazard in a probabilistic sense compared to the more localized hazards from blast waves, ejecta, and thermal radiation. One purpose of this work is in improving, calibrating, and validating the semi-analytical models. In this section we will examine the model of Chesley & Ward (Chesley & Ward, 2006) since it provides an excellent framework, and was used in the 2003 NASA Near-Earth Object science definition team report (Stokes, et al., 2003) , which this work was used to update in their 2017 report (Stokes, et al., 2017) .
The Chesley & Ward model (Chesley & Ward, 2006) is based on the model of Ward & Asphaug (Ward & Asphaug, 2000) . which in turn is based on the modeling of explosion generated waves by Van Dorn (Van Dorn, et al., 1968) and Le Mehaute (Le Mehaute & Wang, 1996) and the impact cratering model of Schmidt & Holsapple (Schmidt & Holsapple, 1982) . The estimation of 15% of the impactor energy going into tsunami waves in (Ward & Asphaug, 2000) comes from the matching of an assumed parabolic crater and lip shape from (Van Dorn, et al., 1968) to the crater scaling law from (Schmidt & Holsapple, 1982) .
Derived from explosion experiments Van Dorn (Van Dorn, et al., 1968 ) used a parabolic crater with all of the ejected water pushed up into a lip. However, both ours and previous hydrocode simulations, and laboratory scale impact experiments (Gault & Sonett, 1982) (Olevson, 1969) show that unlike underwater explosions, or impacts into rock or soil, for impacts into water the crater is approximately hemispherical. Also as seen in our simulations, as in previous simulations, much of the excavated water is vaporized and ejected into the atmosphere, not pushed into a lip as liquid water. This means the energy in the transient crater is not 6 7 !8 9 : 9 as in (Ward & Asphaug, 2000) , but 6 7 ; !8 9 : 9 , where Vc and Dc are the crater volume and depth, and it can be further be assumed that : 9 ∝ 8 9 /7 , since the crater is hemispherical.
The next link is the crater size. Figure 14 shows the crater volume vs. impact energy for the the simulations presented here, as well as from Gisler 2011 (Gisler, et al., 2011) and the semi-analytical model. The Ward & Asphaug model has a cratering efficiency of 15%, but we only find efficiencies of 3 -5% up to 1 Gt impact energy. Figure 14 . Crater volume from hydrocode simulations is less than that predicted using the semi-analytical model of Ward & Asphaug 2000 (Ward & Asphaug, 2000 based on the cratering model of Schmidt & Holsapple 1982 (Schmidt & Holsapple, 1982 Examining the cratering model of Schmidt & Holsapple (Schmidt & Holsapple, 1982) and the improved scaling law (Holsapple, 1993) Holsapple uses non-dimensional groups to give the crater size vs the impactor energy. Figure 15 reproduces Fig. 9 in (Schmidt & Holsapple, 1982) . It can be seen that our simulations fall below the curve by a factor of 3 -4 as expected from Figure 14 . (Stokes, et al., 2003) .
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Unfortunately experimental data for cratering of water from large explosions does not currently exist since unlike for explosions on land, the crater is only transient. Consequently the data used to fit Holsapple's scaling law (Holsapple, 1993 ) relies on two laboratory scale experiments. The Olevson 1969 (Olevson, 1969 ) experiment used Ø0.3mm water droplets at 1 -6 m/s, and the Gault and Sonett 1982 experiments (Gault & Sonett, 1982) used Ø1.5 and 3mm glass spheres at 1 -6 km/s. In figure 15 we were able to reasonably accurately simulate one of the Gault & Sonett tests, and for one of the Olevson tests we actually predicted a crater size closer to Schmidt & Holsapple's 1982 fit. Holsapple 1993 (Holsapple, 1993 where the subscript c applies to the crater, and i to the impactor. For water Holsapple gives the constants as K1=0.904, m=0.55, n=0.33, which gives the exponents as -0.647 and 0.224. The first non-dimensional group is the ratio of the crater mass to the impactor mass, the second is the ratio of the gravitational energy of the impactor (m g D/2) to the kinetic energy (½mv 2 ) which is the inverse square M A N U S C R I P T
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of the Froude number, and the third group is the ratio of the target density to the impactor density. The full version of this equation including terms for the strength of the target does an excellent job of fitting a wide range of impacts and explosions as collected in Holsapple's crater database (Holsapple, 2004) . In the simulations the impactor was not water so the density ratio term, explains a factor of 1.2 for rock impactors and 1.5 for iron impactors between the 15% cratering efficiency and that observed in the simulations.
Most of the remainder of the difference appears to come from the depth of water. Equation 1 assumes the depth of the target is much greater than the size of the crater. The data in figure 15 comes from tests in which Olevson (Olevson, 1969) and Gault & Sonett (Gault & Sonett, 1982) both used target water tanks at least 5 times wider and deeper than the craters observed. They did also tests in shallow water, but those effects are not included in equation 1. Notably for our simulations the ratio of the crater depth to ocean depth was at most 3, and typically less. Figure 15 also shows a simulation of one of Gault & Sonett's tests, where in the simulation the water depth was reduced from 75 to 50 cm. As can be seen this decreases the crater size, which occurs because the shock wave reflects off the bottom and then slows the expansion of the crater.
Some of the crater size differences may also come from other effects not accounted for in equation 1. In addition to finite depth effects, it notably does not include impact angle, vaporization energies, and background air pressure. For impact angle a cosine dependence is frequently assumed, but this typically applies for small impacts where most energy goes into pushing the water, not vaporizing it. For large impacts we expect most of the energy to go into vaporization until very low impact angles. Similarly small explosives rapidly vaporize the charge, but typically just push the water aside as seen in the experiments of Van Dorn (Van Dorn, et al., 1968) and the slow speed impacts of Olevson (Olevson, 1969) hence the large lips to the craters with close to 100% of the excavated water in them. In contrast in our simulations 80% of the impact energy goes into vaporizing the water, and consequently is not available for pushing the water aside. However these relationships have not yet been investigated.
Background air pressure was found to have a dramatic effect in Gault & Sonett's experiments (Gault & Sonett, 1982) but they found that for larger and higher speed impacts it had less effect, which we also see in simulation as shown in figure 16 . Figure 16 . Background air pressure has a dramatic effect for laboratory scale impacts, but is negligible at asteroid impact scales. Experiments by Gault & Sonett (Gault & Sonett, 1982) The above effects account for the factor of 3 -4 in the energy transferred to the crater energy. The final reason for the difference between the 1% and 15% values is that the cavity-jet oscillation is highly turbulent (Wünnemann, et al., 2007) and the emitted waves break and roll so that much of the energy is dissipated and not transferred into long range propagation. The Hankel function (Le Mehaute & Wang, 1996) used in Ward & Asphaug neglects turbulence and propagates the tsunami waves without any losses of energy, so all of the energy in the transient crater is transferred into the tsunami wave train. For a dispersing but energy conserving expansion the decay should be as 1/r. Gisler 2007 (Gisler, 2007 found an initial decay rate of the amplitude of approximately r -1.5 due to breaking and turbulence, for impacts into a 5 km deep ocean across an impactor energy range of 100 Mt to 100 Gt. Wünnemann 2007 (Wünnemann, et al., 2007 found a decay rate of r -3 to r -1 as the ratio of projectile diameter to water depth increases from 0.1 to 1 when the waves were between 5.3 and 9 crater radii from the impact.
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The other source of disagreement between the hydrocodes and some calculations is the improper propagation of the resulting tsunami waves using shallow-water equations typically used for earthquake tsunamis or empirical equations derived from simulations of impacts into shallow water on the continental shelf where the waves will be expected to not disperse as they would if the impact had occurred in the deep ocean. Hydrocode simulations show that for deep ocean impacts the initial crater will be at most a few kilometers in diameter for asteroid sizes of less than global consequence. The wavelength of the resulting tsunami waves will be approximately the diameter of the initial crater and as such will at most be of M A N U S C R I P T
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comparable depth as the ocean basin depth which on average is about 4km. For a wavelength of less than about 10 times the depth of water the waves will propagate as deep-water waves and therefore suffer from dispersion.
Discussion
Tsunamis have been argued to be the most important hazard from asteroid impacts into the ocean. Yet, although oceans cover three-quarters of the Earth's surface, the geological evidence for tsunamis from impacts has been scarce. The suggestions previously presented have been hotly contested (Masse, et al., 2006) (Pinter & Ishman, 2008) . The shallow water impacts at Mjølnir north of Norway (Tsikalas, 2005) and at Montagnais off Nova Scotia (Dypvik & Jansa, 2003) should have left tsunami deposits on nearby shores, but searches for such deposits have been inconclusive (Dypvik, et al., 2006) . There are well-known tsunami deposits associated with the very large Chicxulub event at the end of the Cretaceous period, but it has been argued that these were caused by submarine slope failures subsequent to the massive impact on the continental shelf (Matsui, et al., 2002) .
Earthquake induced tsunami waves are so dangerous because of their long wavelength, typically ~100 kilometers. This has important consequences: Firstly, it means that even in the deep ocean basins earthquake induced tsunami waves are shallow water waves that decay in amplitude only due to radial expansion. Secondly as the waves shoal upon reaching the continental shelf and the beach slope they greatly increase in height, but still remain many kilometers in length. Finally, if they breach the initial height of the beach the water just keeps coming, typically travelling inland about one wavelength, assuming flat land. This means that earthquake induced tsunamis can potentially inundate up to tens of kilometers inland.
On the other hand, assuming an asteroid less than 1km in diameter, the impact only produces tsunami waves a few kilometers in wavelength, which are deep water waves in the ocean basins; they decay in amplitude due to dispersion as well as radial expansion. Upon reaching shore the shorter wavelength means they will also not inundate the land as far, although the succession of waves means that just as with wind waves on the beach the water will recede and then inundate again multiple times, first increasing in amplitude until the largest wave is reached and then decreasing as the wave train dies away.
The shorter wavelength therefore makes impact tsunami in the ocean basins much less hazardous than earthquake tsunami, even neglecting potential breaking on the continental shelf (Van Dorn effect). Impact tsunami are only likely to be more hazardous than near-field effects either when the asteroid is so large that the casualties from global climatic effects dwarf those from the tsunami, or for moderate and small asteroids when they impact on the continental shelf.
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Impacts on the continental shelf may set up dangerous tsunami, but being much closer to land, atmospheric effects from the blast wave and ejecta may be more destructive as already discussed. The other concern of impacts onto the shelf which transmit a significant amount of energy into seismic waves is the resulting earthquake creating undersea landslides in vulnerable slopes of unconsolidated sedimentary material, as apparently happened for the very large impact at Chicxulub (Matsui, et al., 2002) . In theory this could act as a force multiplier with the undersea landslide creating a more dangerous tsunami wave than the original wave due to the impact cratering. Nevertheless, in terms of probabilistic risk of damage and casualties from all possible impacts, this restricts hazardous ocean impacts from non-extinction size asteroids to the continental shelf, which is a much smaller fraction of the Earth's surface than the total ocean surface area.
Conclusions
The previous official estimates of tsunami hazard such as by the National Research Council committee to review near-Earth object surveys and hazard mitigation strategies (National Research Council, 2010) based upon the NASA Near-Earth object science definition team report (Stokes, et al., 2003) , used the semi-analytical model of Ward (Ward & Asphaug, 2000) based on the modeling of explosion generated waves by Van Dorn (Van Dorn, et al., 1968) and Le Mehaute (Le Mehaute & Wang, 1996) , with ~15% of the kinetic energy of the asteroid going into tsunami creation. Hydrocode simulations of asteroid impacts into water instead only show ~1% of the energy going into the tsunami wave. As such the tsunami hazard from asteroid impacts is often overstated, especially if the shallow-water equations are misapplied to impact tsunami in the deep ocean. The results of this work and their agreement with previous simulations were used to update the models of tsunami risk in the 2017 report of the NASA Near-Earth Object science definition team (Stokes, et al., 2017) .
With only ~1% of the asteroid kinetic energy being converted into tsunami waves and with the stronger decay with distance implies that moderate size asteroids (100 -500 m in diameter) striking the deep ocean basins off the continental shelves are not a significant overall hazard except for i) impacts close to shore where travel time is not enough to sufficiently degrade the waves, ii) in the cases of impacts onto the continental shelf, or iii) very large impacts. In the case of moderate size asteroids excluding the ocean basins far from land, the impact areas of concern are a significantly smaller fraction of the Earth's surface than the entire ocean surface.
In the case of a large impact the dominant hazard is likely to be from global climatic change which may dwarf casualties from tsunami around the coastline of the ocean basin where it strikes. The simulations show that most of the impacting asteroid's kinetic energy is consumed by the vaporization of water from the transient crater.
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Much of this water vapor is buoyantly lofted into the stratosphere, where it may linger for months to years. Together with chlorine from sea salt, OH radicals from water ionization catalytically destroy ozone. Water is also a strong absorber of infrared radiation, and the effects of a large injection high into the atmosphere are not yet well understood (Pierazzo, et al., 2010) (Pierazzo & Artemieva, 2012 ).
An ocean impact within a few tens of kilometers of a populated coastline would be locally devastating. The coronal splash and rebounding jet reach many kilometers into the air and will lead to severe flooding. High temperatures generated by the disintegration of the asteroid accompanied by hurricane-force winds will be destructive to lives and property on shore. Shock waves from airbursts are also locally destructive, as in the Chelyabinsk and Tunguska events. However, these effects would be much more localized than previously feared from long range tsunami propagation. Only if the impact occurs on a large shelf can the damage from tsunami potentially extend significantly beyond those of the atmospheric effects.
Finally, airbursts which produce pressure fields over wider regions, had been thought capable of generating propagating waves, but the simulations show that the amplitudes are much lower than in direct impacts, and the wavelengths are not significantly longer.
Future Work
The results of the 3D simulations presented here have now been made available for unlimited release in visualization-accessible data formats (Patchett & Gisler, 2017 ). An overview and videos are available at http://sciviscontest2018.org/ and the data is available at http://oceans11.lanl.gov/deepwaterimpact/ so interested parties can use the data for their own analysis or generate their own figures.
The ultimate goal of this work is to inform planetary defense planning including the search for Near-Earth Objects and mitigation planning (Stokes, et al., 2017) . Part of that is improving models of the ensemble risk posed by the entire asteroid and comet population to better understand which properties of asteroids and their impact effects are driving the risk (Mathias, et al., 2017) . Even though this work shows impact tsunami are not as much of an overall risk as in some models, compared to the atmospheric effects, tsunamis may still be a significant threat in specific impact cases. It is also important to characterize the remaining tsunami threat of impacts on the continental shelf and impacts close to shore, especially in areas with minimal continental shelf.
Extra fidelity may be added to these simulations by better modeling of the atmospheric entry and natural breakup of the asteroids of varying strength, rather than forcing airburst by artificially converting some kinetic energy into thermal, or assuming the asteroid to be solid iron. By imparting more energy into the atmosphere during entry and less into the water, the simulations presented here M A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
may even be found to be slightly overpredicting the hazard, particularly at the smaller end where airburst is more likely.
It would also be useful to extend the duration simulated in the 3-dimensional simulations to include several cycles of the cavity/jet oscillation, particularly for oblique entries. Three-dimensional instabilities could potentially break up the jet and cavity quicker than seen in the 2-D cases with enforced axi-symmetry, leading to more rapid damping of the size of tsunami waves being pumped out. The effect is expected to be small except for very shallow entries, but this has not yet been investigated. Similarly, although they would make up a small fraction of impacts it would be interesting to model some impacts at very shallow entries where craters will no longer be symmetric (Bottke, et al., 2000) .
Hydrocodes are computationally expensive so a lot of work to date has used simpler models and simulation methods. It is much preferable to use a simpler model or simulation if they can provide accurate predictions. Hydrocode simulations can help validate and calibrate these models since they fall in a range where no observational data exist. Holsapple's crater scaling law (Holsapple, 1993) needs extending to account for cases where the crater is a significant fraction of the ocean depth, especially for asteroids ~Ø500 m where impact tsunamis are likely most dangerous. A law for the decay of initial cavity/jet waves due to breaking needs to be derived. Numerous simulations (Gisler, et al., 2011 ) (Wünnemann, et al., 2007 (Shuvalov & Trubestkaya, 2002) and even experiments (Gault & Sonett, 1982) exist, but a semiempirical model has not yet been created because most simulations to date do not run far out enough in time for the waves to settle down to deep water waves decaying as 1/r.
For long range propagation it is still too expensive to simulate this in 3-D so a lower order method must be used. In 1-D the Hankel Transform solution method of Le Mehaute (Le Mehaute & Wang, 1996) which also suggests a solution for variable bathymetry, would allow very rapid first order estimates to be obtained. Somewhat more complex are 2-dimensional surface wave simulations that include bathymetry, which can capture the effects of tsunami wave diffraction and channeling. The shallow-water equations as used for earthquake tsunami propagation would be overly-conservative, predicting much more hazardous waves, but linearized Euler models or appropriately calibrated Boussinesq modeling can potentially provide an accurate solution for much less computational effort (Weiss, et al., 2015 ) (Sitanggang & Lynett, 2005) (Berger & LeVeque, 2018) .
Also of particular interest is analyzing the propagation of the tsunami waves from deep water onto shore. As deep water waves move into shallow water up the continental slope they will decrease in wavelength and increase in height, and will break when the wave height comes close to the ocean depth (Korycansky & Lynett, 2005) . This is well studied in wind driven waves and in earthquake tsunami, but not in these intermediate length impact tsunami waves. In particular the Van Dorn effect of impact tsunami waves breaking on the continental shelf has not yet been M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT simulated using hydrocodes. Similarly run-up and run-in on coastlines for storm surges and earthquake tsunami inundation models have been well tested and validated. Semi-empirical approximations derived from these have been applied to Boussinesq surface-wave simulations to estimate run-up and run-in from impact tsunami (Korycansky & Lynett, 2007) . Again, hydrocodes may be useful validating or calibrating these simulations in regimes not frequently observed.
At the large end, coupling of hydrocode simulations to global climate models can be used to characterize the onset of global effects to determine when global hazards begin to dominate over localized effects. This is particularly important for Planetary Defense as it will determine the lower bound of asteroids that must be mitigated in space to avoid intolerable casualties.
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